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Towards Structural Logistic Regression: Combining Relational and
Statistical Learning
Abstract
Inductive logic programming (ILP) techniques are useful for analyzing data in multi-table relational
databases. Learned rules can potentially discover relationships that are not obvious in "flattened" data.
Statistical learners, on the other hand, are generally not constructed to search relational data; they expect to be
presented with a single table containing a set of feature candidates. However, statistical learners often yield
more accurate models than the logical forms of ILP, and can better handle certain types of data, such as
counts. We propose a new approach which integrates structure navigation from ILP with regression modeling.
Our approach propositionalizes the first-order rules at each step of ILP's relational structure search, generating
features for potential inclusion in a regression model. Ideally, feature generation by ILP and feature selection
by stepwise regression should be integrated into a single loop. Preliminary results for scientific literature
classification are presented using a relational form of the data extracted by ResearchIndex (formerly CiteSeer).
We use FOIL and logistic regression as our ILP and statistical components (decoupled at this stage). Word
counts and citation-based features learned with FOIL are modeled together by logistic regression. The
combination often significantly improves performance when high precision classification is desired.
Comments
Presented at the 1st Workshop on Multi-Relational Data Mining (MRDM 2002).
This conference paper is available at ScholarlyCommons: http://repository.upenn.edu/cis_papers/134
















































































































































































































Y(@EèQJ`D ^ O?@C> ^ ;#:<UAR ^
ç









;#DG;ôíCDmM ^ òJADmBE;#DfDÍOC:H;SMjéL;#F<@?ZßN!J`@CM ^ DGOCN ^ ;8BøF<@CMÍF<B?;
óyT"I  MpDG;#:h> ^ F<JA@k>\:(M ^ DGOCN ^ O?DÍ;ØMÍ;8>ADGN
ç
:HJVJ`K >ADÍ;K?DGJAKLJ`MÍF ^ F<JA@C>A:HF#;SBØ> ^ ;8>AN
ç
M ^ ;#K ^ J




>ADÍ;gFHêpêp;8BEFh> ^ ;#:<U§N!J`@CMÍF<BE;8DÍ;SBpèQJADKLJ`MGM­F<é?:<;gF<@CN!:<OCMÍFHJ`@§F<@ ^ Jp>
DÍ;8ZADG;8MGM­F<JA@ÄêpJEBE;#:X
æÃç
;DG;#Z`DÍ;SMÍMÍFHJ`@Äê JEBE;8:Vêp>bU3F<@CN!:<OCBE;K?DGJAKLJ`MÍF ^ FHJ`@C>\:<F8;8B3èQ;S> ^ OCDÍ;SM"F<@
é?FH@k>\DGUgèQJ`DÍêÙõ£DÍO?:<;ÃMÍ> ^ FhMyíC;SB> ^ :<;8>AM ^ J`@CN!;bö6J`D)>`M)N#JAO?@ ^ MÃõ ^
ç
;@VO?êﬃéL;#DJ\èCF<@CBE;8Kk;8@CBE;8@ ^

















RMÍ;#KC>ADG> ^ ;8:HU`R)>\@kB,FH@4N!J`êﬃé?F<@C> ^ FHJ`@6R"éVUª:<J[J`l[ò
FH@?Z4> ^j^
ç




; B?> ^ >,èQDGJAê7;!ò
M­;S>\DmN
ç







M­; ^ J\èDG;#:h> ^ FHJ`@C>\:(B?> ^ >CRF<@CN!:<OCBEF<@?Z ^
ç
; ^ ;!= ^ J\è ^ F ^ :H;SM#R>\éCM ^ Dm>AN ^ MÑ>A@CB






FhMB?> ^ >N8>\@þék;ª@C> ^ O?Dm>\:<:HUßDG;#KCDÍ;SM­;8@ ^ ò
;8Bß>AMpê/O?: ^ FHòDG;#:h> ^ FHJ`@C>\:B?JAê>\F<@ l[@CJda7:H;SBEZA;`R
;AX ZCXﬃﬂ "!$#&%'
%$(*)+ﬂ "!$#&%'-,/."%&0 1324"!65VR
0ﬀ% 4"!&ﬂ87943: ;&%'".<)=.>%?0 132ﬀ4"!-,@;?%'".65[R>!37!?A2 0 % 4>!&ﬂ8743: ;?%'>.<)=."%?0 132 4"!B,C;?% '".65VR
0>7!&2?:


















































































































































































































































































;7N#JA:<:H;SN ^ F<JA@ éVUF<@CN!:<OCBEF<@?Z>\:<:EJ ^
ç
;#D





JADfJAO ^ ZAJ`FH@?ZN!F ^ > ^ FHJ`@CM§èQDÍJ`ê ^
ç
; KkJ[M­F ^ F<_A;ØJ`Dj@C;#Z`> ^ F<_A;ôN#JADG;ÉBEJEN#O?êp;#@ ^ M8X
æÃç
;
@?;#aÙBEJEN#O?êp;#@ ^ MﬃFH@CN#:HOkBE;8B,> ^^
ç
FhMﬃM ^ >AZA;KC>AD ^ F<N#FHKC> ^ ;F<@,:H;S>\DG@?F<@?ZØ>AMOC@?:<>Aék;8:H;SB
;!=?>\êpK?:<;8M8X
Ucb
= ^ Dm>AN ^ èQDÍJ`ê ^
ç
;B?JVN#O?êp;#@ ^ MÃaJADmB?MÃ>\@kBfN#F ^ > ^ FHJ`@jF<@EèQJADGê> ^ FHJ`@ õ£arJ`DGB?MOCMÍ;8BfF<@
>p÷`OC;#DGUÑK
ç
Dm>AMÍ;>\DG;g;#=EN#:HOkBE;8B ^ J>b_`JAFhBjMÍ;#:<;8N ^ F<JA@fé?F<>`MGö!X
U






































































































































































































































J\èZA;8@?;#Dm> ^ FH@?Z>fM­; ^ J\èrDGO?:<;8M3OCMÍFH@CZì*góyTR¶N!DG;8> ^ F<@?ZjèQ;8> ^ O?DG;8M3èQDGJAê ^
ç
;#ê




J`MÍ;jèQ;8> ^ O?DG;8M ^ Jª>ØDG;#Z`DÍ;SMÍMÍFHJ`@,F<M















;3:HJ`ZAFhN«òJADGFH;8@ ^ ;8BpKCDG>`N ^ FhN!;3J\è)DÍ;8ê Jd_VF<@?Z ^
ç
;N!Jd_A;8DÍ;SBpKkJ[M­F ^ F<_A; ^ O?KC:H;SM#REJAè ^ ;#@§è£>\F<:<M ^ J















aJADmBf>\@CBN!F ^ > ^ F<JA@F<@EèQJADGê> ^ F<JA@ ^ ;#@CB?M











> ^ N#F ^ > ^ F<JA@§FH@EèQJ`DÍê>\ò











>b_A;j@?J ^ UA; ^ F<êpK?:<;#êp;#@ ^ ;SB>ÉèQO?:<:<UﬁFH@ ^ ;#ZADm> ^ ;8BﬁMÍUEM ^ ;#êèQJADp@?Jda ar;fK?DG;8MÍ;#@ ^ KCDÍ;#ò
















DG> ^ ;#:<U§> ^ óyT"I >\@CBjDG;#ZADG;8MGMÍFHJ`@§êpJEBE;#:hMÃK?DG;8BEFhN ^ FH@?ZÑB?JVN#O?êp;#@ ^ N!:h>AMGMÃéC>`M­;SB§J`@jaJADmB?M8R
éC>AMÍ;8BjJA@N!F ^ > ^ F<JA@CM8RC>\@kB§éC>`M­;SB§J`@jéLJ ^
ç

















































































































































































































































































OCM ^ J`@?;ÑDG;#:h> ^ F<JA@0"7!&2&:
)/¹-,ÀÁ65VR>\@CB,B?;8N!:h>\DGF<@?ZØ>\:<:rBEJEN#O?êp;#@ ^ M/>AM ^
ç
;#J`DÍU
N!JA@kM ^ >\@ ^ M8Rb;!=?N!;8K ^ F<@ ^
ç
;7MÍF ^ OC> ^ FHJ`@CMa
ç














;éL;#@?;#í ^ MJ\èrDG;#:h> ^ FHJ`@C>\:DG;#K?DG;8MÍ;#@ ^ > ^ F<JA@ N!J`ê Kk>\DG;8B






JAO ^ M ^ DÍOCN ^ O?Dm>\:A;!=EK?:<JADm> ^ F<JA@"X
IDG;8BEFhN ^ FH_`;/>AN8N!O?Dm>AN#UfèQJAD>\:<: ^ ar;8:H_`; ^ >AMÍlVM3F<êpK?DÍJd_`;8Mga
ç
;#@ªM ^ DGOCN ^ O?DG>A:DÍ;8:<> ^ F<JA@CM3>\DG;
>\:<:HJda;8B¶XLóz@ ^
ç








































F<M(DÍ;SN#>\:<::H;8_A;8:¶êp>bUjM ^ FH:<:6éL;O?@C>AN8N!;8K ^ >Aé?:HU§:HJdaþFH@ê>\@VU§>AK?K?:<F<N8> ^ F<JA@kM#X
æÃç
























































































































































































× x sq {y¬`sux vÍÏ[#[uv m#wzwyvmxzESq['{yÙsuqd{yvGwyq[8 

× xø8ﬀ©rvGxzv«#wy­¬[~q`Å
`vGÏ?ÇﬃÛ¬`v4wyv«SAvGwﬁ«#q ­¬[vmÀj {y¬[v `vG{­#sux,#8{y¬`vGwﬁV#EvGwyx,Æd} vmqd{yvGwysuq[¼ {y¬[vms|wﬁ


















;Ñ;!= ^ DG;#êp;ÑMÍKC>\DmMÍF ^ UØJAèÃN#F ^ > ^ FHJ`@ªM ^ DGOCN ^ O?DG;AX"YgM­F<@?ZK?DGJAKLJ`MÍF ^ F<JA@C>A:HF#;SBÉN#F ^ > ^ F<JA@?ò
éC>AMÍ;8BªèQ;S> ^ O?DÍ;SMﬃZ`;#@?;8DG> ^ ;SBªé[Uﬁì*góyTøF<@ﬁ:<JAZAFhM ^ FhNÑDG;#ZADG;8MGMÍFHJ`@ Z`FH_`;8M/DÍ;SM­OC: ^ Mﬃ_VF<D ^ OC>\:<:HU




;(K?DG;8MÍ;#@kN!;7J\è6> ^ :H;S>AM ^ JA@?;ùGM ^ DÍJ`@?Z`úÄì*góyTfèQ;8> ^ O?DG;
a>`MÃ;#@?J`O?Z
ç














>b_A;Ø>ª@C> ^ O?Dm>\:é?FHéC:HF<JAêp; ^ DÍFhNF<@ ^ ;#DGK?DG; ^ > ^ F<JA@"X
ðrF<é?:<FHJ`êp; ^ DGFhN#MM ^ OCBEF<;8M ^
ç
;ÄBE;8_A;#:<JAKCê ;8@ ^ J\èMÍN#FH;8@ ^ FíLNBEFhMÍN#FHKC:HF<@?;8MéVUÑ>\@k>\:<U$8FH@CZ ^
ç
;8FHD



































>\@CN#;rJAèLBEJEN#O?êp;#@ ^ 9éL;#:<JA@CZAF<@?Z ^ J ^
ç



















































































































































































































































































Ç  z\Ç a 9\Ç  9\Ç  9\Ç 
F GÉà&"ä¶åÀLVå­áÞIH)ä3K*Ł/ŁKJßÞK<Ł}ÒLVå/L





















;ØK?DG;#_VF<JAOCMMÍ;8N ^ F<JA@ ^
ç
































































































































































































































































































































































































































































































Jda ùÍM ^ DGJA@CZ`ú ^
ç
;N#F ^ > ^ F<JA@?òéC>`M­;SBèQ;S> ^ OCDÍ;SM(>\DG;gDG;#:h> ^ FH_`;
^ J3arJ`DGB?M8X
æÃç
; ^ a;#:<_A;ÃB?> ^ >AMÍ; ^ M"DG;#KCDÍ;SM­;8@ ^ N!J`ê ê/O?@?F ^ F<;8Ma7F ^
ç
BEF±;#DG;#@ ^ JADGZ`>A@?FS> ^ FHJ`@6X
] JAêp;>\DG;3_A;#DGUÑa;#:<:6BE;!ík@?;8B¶Rk;AX ZCX








N!J`@?@?;8N ^ ;SB/N#JAêpêﬃO?@CF ^ FH;SM#R\;`X ZkX6ù­lV@?Jda7:<;8B?ZA;
BEF<MGN!Jd_`;#DGUEú?X3²rF ^ > ^ F<JA@EòéC>`M­;SBèQ;8> ^ O?DG;8MÄ>\DG;ﬃêpJ`DÍ; OCMÍ;!èQO?:








;;!=EKk;SN ^ J`O?DèQO?:<:HU/FH@ ^ ;8ZADm> ^ ;8B
>\K?K?DGJ`>`N
ç





ê ;8DÍF ^ MÃJAèaJADmB?MÃ>\@kBfN#F ^ > ^ FHJ`@CMÃFH@BEF±;#DG;#@ ^Ã^ >AMÍlEM#X























































































































































































































7;#K?DG;8MÍ;#@ ^ FH@?ZªF<@CBEOCN#;8BíCDmM ^ òJ`DGB?;#D DÍO?:<;8M>`M èQ;8> ^ O?DG;8M ^ J éL;OCMÍ;8B4F<@K?DGJAKLJ`MÍF ^ F<JA@C>A:
















DÍO?:<;8MN8>\@ ék;OkM­;SB >`MÄé?F<@C>\DGUèQ;8> ^ O?DG;8MÄF<@,>\@VUØêpJEBE;#:<FH@CZ ^ JVJA:>AK?K?DGJAK?DGF<> ^ ;/èQJAD ^
ç
F<M












;gFH@CB?OCN ^ FH_`;(é?Fh>AMJAè6> ^ ;8N
ç
@?F<÷[O?;OCM­;SB ^ J/N!JA@kM ^ DÍOCN ^





;gB?> ^ >ÄFhM@?J ^
ar;8:H:¶MÍO?F ^ >\é?:<;gèQJAD:HJ`ZAFhN«òéC>AMÍ;8B:<;8>ADÍ@CFH@?ZkR[>`MF<@ ^
ç
;N#>`M­;gJ\è"aJADmBÑN!J`O?@ ^ MrFH@BEJEN!OCê ;8@ ^
N!:h>AMGM­FHíkN#> ^ F<JA@6X ] F<ê KC:HUñL> ^­^ ;#@?F<@?Z/DÍ;8:<> ^ F<JA@C>A:LB?> ^ >ﬃék;#èQJADG;gN!J`@CM ^ DGOCN ^ FH@?Z >êpJEBE;#:¶>A:<MÍJ






F<M3>\@kBK?DGJAKLJ`MÍ;JA@?; M­J`:HO ^ F<JA@
FH@ ^
ç





















UVKk;8D ^ ;!= ^ BEJAê>AFH@6Xóz@ ùGM ^ > ^ FhM ^ FhN#>\:7KCDÍ;SBEF<N8> ^ ;fF<@V_A;8@ ^ FHJ`@Cú?RaJADmBVòéC>AMÍ;8B
N!:h>AMGM­FHíkN#>
^


























































































































































































































































































































































































ìgóyT ^ DG>AFH@C;8BØJ`@ØéLJ ^
ç
aJADmB?M>A@CB











DG>`N!UAXEð:<FH@CB?:HUjZA;#@C;#Dm> ^ F<@?ZﬃèQ;8> ^ O?DG;8MÃa7F ^
ç
ìgóyT >\@CBjK?O ^Í^ F<@?Z ^
ç
;#ê F<@ ^ J>/DÍ;8ZADG;8MGM­F<JA@
BEJV;8M@?J ^ aJADGl3>`M"a;#:<:E>AM8R#èQJ`D;#=?>\êpK?:<;ARSZA;#@C;#Dm> ^ F<@?Zgê J`DÍ;èQ;8> ^ O?DG;8M ^
ç
>A@/ì*góyTÑaJAO?:hB
@?JADGê>\:<:HUÑZ`;#@?;8DG> ^ ;`RV>A@CB ^
ç








> ^ ê>A@[UﬀJ ^
ç







;:<>A@?ZAOC>AZA;jOCM­;SBﬁF<@Kk> ^ ;8@ ^ B?;8MGN!DGFHK ^ FHJ`@CM ê>bU,@?J ^ éL;
>AMÄM­KL;8N#FíLN >`M ^
ç
> ^ F<@ÉMGN!F<;#@ ^ FíkN K?OCé?:HFhN#> ^ F<JA@CM8RK?DGJd_[FhBEF<@?ZfDÍJVJAê èQJ`D3Z`DÍ;S> ^ ;#D3ék;8@?;!í ^





;#DÃ>BEJEN!OCê ;8@ ^ a7F<:H:LN!F ^ ;g>A@?J ^
ç
;#DBEJEN!O?êp;8@ ^ F<Mr>\@?J ^
ç









;8:HK"RdFèLFHêpK?:<;#êp;#@ ^ ;8B FH@pN!J`@
ﬁ
O?@CN ^ F<JA@/a7F ^
ç











;ﬃKk>\KL;#DmM(>\DG;AXC9:H:> ^Í^ DGFHé?O ^ ;8M
N!JA@ ^ DÍF<é?O ^ ;AR?MÍJAêp;ÄFH@fè£>\F<DG:HU§N#JAêpK?:<;!=§aÃ>bUEM#X
YMÍFH@?ZgN!:<OCM ^ ;#DGFH@CZ(JAD):<> ^ ;#@ ^ N#:<>`MÍM"êpJVB?;#:<FH@?ZgFH@ ^
ç












BE;#êpFhN ^ J ^
ç
;OCMÍ;
J\èEM ^ DÍOkN ^ OCDG>A:\FH@?èQJADGêp> ^ F<JA@3FH@B?JVN#O?êp;#@ ^ êpJEBE;#:<F<@?Z7F<M"M­KC>ADGMÍF ^ UAX9²r:<OCMyò
^ ;#DmMN#>\@ﬃZA;#@C;#Dm> ^ ;DÍFhN
ç












































>`M?13%?:!?ß($'&2`_?2 4"!&ßﬀ;?% '>.<)13ﬂ&74?ßﬀ!&%ﬀÛF7 0
)^18%?:!?ß ('&2%_&2 4>!























































































































































Ç Ó4Ç¶Ò8xzvGw8q[ô?Ç6¿Cvmvmxz¬[«Ð7ÇEªª!o qnwo²wrq(vwmqwnrwn+vwvwqk`ÇÉÓªsuvG}dÌ ¦ vGÐ^­)8w}jEÌ
~+|9|AÇ
~+AÇd{yvG¾#qbÃw­8vGw«Ì ¦ 8[¿k!tdw­#SÌ68q[vG{yvGw3Ú8­¬kÇ§¶wySESxzs|{ysuSq[8usuÂ«#{ysu8qª8``wyS8­¬[vmx
{ywyvm!{ys8qV#6[#{­suq[suq`¼`Çq§A8xz

ÂmvGwy8xkj\s¶8q[ ¦ S`¿L«tdw­8SÌEvm`s|{y8wyxmÌ±Snpo²mqk?o
me³q(kqDk	r8ÌAV#¼Svmx
û
X
û*zAû
| ~8ÇCAAwysq`¼SvGwzÅ´"vGwy8¼AÌ
û
 ~8Ç
~9~SÇd{yvmtbv"¿LmÐ
wyvmq`mvSÌ8ŁrÇ#¿CvmvgdsuuvmxmÌ88q[Ib7`wz{/Su8ÀjbvGw«Ç

s¼8s|{­8dusuÆ`w­#wysuvmx6#qV7#`{ySq`S8[x
Gsu{­!{ysuSqpsuqVAvGÏAsuq[¼`ÇEfihChCh¶ŁCxª%mn+­Ì&a
û
½¬XbÀ+y X
z
~SÌF~+|||\Ç
~
û
Ç·AÇ ©(Ç?¸[suq[8qp8qVﬃ©Ç {jÇEŁ8vGwy8q`Å·SSq`vmxmÇÚÕ¿y
ü
sA{yvGwy wyvGE8wz{«Ç"q³~g*lnwnq(k,rv
¹cmD`neº}mDLh4	lª`nw}kŁCk*n+wn+k?lnek«l	qDk=n £n+k`q(k	r8ÌVV8¼8vmx-a
z\û
AÌ6~||9aAÇ
~+aAÇ·AÇ ©(Ç£¸[suq[8q8qVj©Ç {jÇŁ8vGwy8q`Å·SSq`vmxmÇ/qVA[G{ysu8qf8u8¼Ssu`wyS¼#w­8xyÚÕ¿É8q[
wyvGH!{yv« x}Ax{yvmxmÇE»n+¤¼n+k!n+mqk½ŁCx0ª?	mq(k	r8Ì?~a	y
û

z
aﬀ~
û
ÌE~+||zdÇ
~=Y`Ç\v«8q A!{z{yvGwz}ﬃ8q[{p!w}j Ł)w­«tbvGqkÇ6Ł83Æ`sq`suq[¼x{­#{ysux{ysu«8k8q[wyvm!{ys8qV#LvG{y¬`\`x)<8w
uv«!wyq[suq[¼gsuq/¬d}AEvGwz{yvGÏ\{
AS#sq`xmÇL~q«~g*lnwnq(k,rvimDncmDKflkmn+lk!mqk!oŁCk*n+wn+k?+n
}kflk!`pmq(nI wrqI~gwrixex¾q(k	rUfi ~4¹SÌ[[8¼8vmxva9
z
z
û
Ì6~||9AÇ
~z\Ç7ÒÇ¶\8u#qV¢/ÇCdrwys¬¿Ä{y¬kÇÑÛ¬`vx{zwy[G{yAwyvﬃ#xzmsuvmqd{ys|ÖVusu{yvÍw­#{y`wyvGxy6`vGq\{ys|H}`suq`¼8q[
¼#w­8`¬[suq[¼ÄxzEvGms8us|{ysvGxmÇt!pqn+k!lnt`m}qn+vyÌ>Y[½^~SÀ+y ~
z
YAÌF~|{YAÇ
~+XAÇ
ü
Ç6dwysq`sutS#xy8qô8q[©ÇUb7suq`¼`ÇjÚ[v«!{y`wyvﬃmSq`x{zwy[G{ysuSqÐs|{y¬ØsuqV``G{ysutbvuS¼Ssu/`wyS¼#w­8ÄÅ
suq`¼`y
ü
x{y[A}#ÁdV#qd{ysu{­!{ysutbv`wyv«AsÍ{ys8q[x#LÆ`suSuS¼8sm8k8G{ysut\s|{}#sHAv«Æd}x{zwy[G{yAw­8
!{z{zwysuÆ[`{yvGxmÇEme³q(k`q(k	rKk!eÀk?¤Sosn*r,nccqDvpwn+lu#Ì"a`½^~«À+y a
z
zdÌF~||9|AÇ
~\ÇI­gÇ?­8q[¼AÌk?Çk\H!{z{yvGwz}dÌC8q[§©(ÇYd¬[8q[s¾Ç
ü
x{yV\}88[Awyb#Í¬`vmx{y ¬d}AEvGwz{yvGÏ\{r«#{yvG¼S8Å
wysuÂ«!{ysuSqkÇÁ		lk!o£i0flkmnpo(o qsr,n+k`mflklx6mqk³tu}vlmn+x¾vyÌ6~A½
û
ÀÍÌ
û

û
Ç
